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EXECUTIVE SUMMARY

This report describes studies that were performed to determine

the impact of photolysis and biotransformation on the persistence of

HŽ(X in Holston River water and LAAP lagoons. In these environments,

photolysis was found to be the dominant transformation process with

half-lives ranging from 17 days in Holston River water to 7900 days in

lagoon water. In the latter case, poor light tranIsmission through the

lagoon water inhibited photolytic processes. Major photolytic trans-

formation products were nitrate, nitrite, and formaldehyde.

Biotransformation of HMX occurred under both aerobic and anaer-

obic conditions in HMX wasteline water but conditions were not favor-

able for this transformation in Holston River water or in LAAP lagoon

water. Therefore, biotransformation was not expected to contribute

significantly to the loss of K-LX in the environment. Under special-

ized conditions the biotransformatLion second-order rate constant was

calculated to be 2 x 10-9 ml cell-I hr- 1 under aerobic conditions and

1.4 x 10-8 ml cell-I hr- 1 under anaerobic conditions. The metabolites

resulting from both aerobic and anaerobic transformation were the

mono- through tetra-nitroso derivatives of HMX which eventually were

metabolized to 1,1-dimethylhydrazine.

Computer simulations of the Holston River and LAAP lagoons indi-

cate that HNX will be persistent in these environments with dilution

serving as the major factor in reducing IlhMX concentrations in these

water bodies.
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Citations of commercial organiz&ltons or trade names in this

report do not constitute an official Department of the Army endorse-
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1. INTRODUCTION

The production and manufacture of octahydro-l,3,5,7-tetranitro-

1,3,5, 7 -tetrazocine (1IMX) and 1.MX-containing explosives have led to

the generation of wastewaters that are eventually discharged into

aquatic environments. In order to assess the risk to mammalian and

aquatic populations that may come in contact with such waters, it is

important to know the mechanisms by which HMX is lost fron wastewaters

and the rate at which the loss occurs.

In Phase I of this study (Spanggord et al., 1982), we performed

screening studies to identify the dominant transport and transfor-

mation processes that affect the persistence of HMX in the aquatic

environment. We concluded that the loss of HMX would be governed by

photolysis and, to a lesser extent, by biotransformation. This report

describes detailed studies that were performed to estimate the rate

constants for these processes.

Once the rate constants are known for dominant transport and

transformation processes, it is possible to simulate specific environ-

ments through computer modeling. In this report, we simulated the

Holston River near the Holston Army Ammunition Plant (HAAP) in Kings-

port, Tennessee, and the waste disposal lagoons at the Louisiana Arm"

Ammunition Plant (LAAP) in Minden, Lottisiana. The results or these

simulations can be used to project the H/MX concentration as a function

of time in these water bodies.
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1L. BACKGROUND

"The approach to simulating selected environments is based on the

assumption that the rate of loss of chemical (R) can be described as a

simple second-order rate expression (Equation 1),

R = k(CI[lF , ()

where C is the concentration of chemical, E is an environmental para-

meter (such as light intensity, microbial population), and k is a

second-order rate constant. Under conditions where E is constant,

Equation I reduces to a pseudo-first-order rate expression,

R = k'[C] (2)

Thus, the total loss of chemical can be described as The sum of

all pseudo-first-order rate expressions, or

n
RT = Z ki1C] (3)

i.l

For HMX, the total loss with respect to time is projected to be

represented by Equation 4,

dCd- k[c] + k(4)dt p kb[C'

where k and kb are the pseudo-first-order rate constants for photol-

ysis and biotransformation, respectively. A brief discussion of the

mathematical development of photolysis and biotransformation rate

constants is given below.

fl~ Zaat .. -



A. Photochemical Transformation Rate

Chemicals undergo photochemical transformation in the aquatic

environment through the absorption of photons at wavelengths of 290 nrm

and above. These wavelengths represent the solar spectrum penetrating

the earth's upper atmosphere and reaching the surface.

The rate of absorption of light ('A), by a chemical (C), at a

particular wavelength in dilute solution in pure water can be deter-

mined by the following equation (Zepp and Cline, 1977):

IA = 2.3rdI \C] k aC , (5)

where

e = molar absorptivity in liters cm-imole-1

Ix - light intensity term in Einstein's liter-Is-1

[C] = chemical concentration in moles liter-1

ka = rate constant for light absorption

r = a correction term for water depth.

If the quantun yield, s, represents the fraction of absorbed light

leading to a chemical reaction, then the rate of chemical loss can be

expressed as follows:

dC
- - IAd = OkarC] - kpICI , (6)

dt A a p

where (at a single wavelength)

k 2.3r4I . (7)
P

Integration of Equation 6 gives

C
in - k t , (8)

t

[3

• - • -~ -: - -•. . -•i



where C and Ct are concentrations of the chemical at time zero and at

time t. This equation allows us to determine the rate constant for

photolysis at a single wavelength from a regression fit of In Ct, as a

function of time, in which k Is the slope of this first-order plot.
p

Once k is known, the quantum yield, s, is obtained from Equation 7,
p

in which the molar absorptivity is measured from the absorption spec-

trum at the studied wavelength, and the light intensity is obtained by

actinometry.

Because the quantum yield, ý, generally does not vary signifi-

cantly with wavelength, the photolysis rate constant in sunlight,

k p(s), can be represented as the quantum yield times the summation of

the molar absorptivity times the light intensity over che solar spec-

tral region:

k (s) = ) 2c I (9)
p Xx 9

and the half-life in sunlight is

In 2
Ii2(s) k() (10)

Values of E. were obtained from laboratory measurements, whereas

values for the sunlight intensity, I\' were obtained from the lite-

rature for a particular time of day, season, and latitude. The cal-

culated rate constants, kp(s), were compared with the measured value,

kp(m), obtained in pure water in sunlight using Equation 8. In our

experience, the calculated and measured rate constants obtained by the

above procedures are in close agreement, usually within a factor of

B. Biotransformation Rate

Many types of microorganisms are found in natural waters; the

populations may vary with the type of water body, season, and organic

4



substrates being introduced. In this study, we attempted to obtain

microorganisms blotransforming IM-.( by enrichment procedures using

water from the HIAAP 1lMX wasteline stream. These organisms can then be

used to determine the biotransformation rate constant.

The hiotransforruation rate is a function of biomass and chemical

concentration. When an organic chemical is utilized by microorganisms

as the sole carbon source and its concentration limits the rate of

microbial growth, the relationship between the chemical utilization

rate and the chemical concentration can be expressed by the Monod

kinetic equation ag:

dC Ie.'(1 = m *MI[X] iCil]
dt Y Y K + Ic] b K + C] [)c c

where IX] is the biomass per unit volume, 4 is the specific growth

rate, iM is the maximum specific grown rate, JC] is the concentration

of growth-limiting chemical, K is the concentration of chemical

supporting the half-maximum specific growth rate (0.5 im), Y is the

cell yield, and kb is the substrate utilization constant and equal to

IL /Y.

The parameters tim, Y, and Kc can be evaluated by performing a

series of experiments with different chemical concentrations and low-

level Inocula or with continuous cultures (Smith et al., 1978). How-

ever, these methods are time-consuming, and large amounts of chemical

are required.

For many pollutants in the environment, chemical concentrations

are very low and C << Kc. Under these conditions, Equation 11 reduces

to Exquation 12, which is a simple second-order relation:

dC MX]- [d t k kb K k kb2 IC][X (12)

c

5



Furthermore, if the rate study is conducted using a laige

microbial population and a low cllemical concentration, the bacterial

cell count will remain constant under the experimental conditions

because the cell growth will not be affected greatly by the consump-

tion of the test chemical. The biotransformation rate is then assumed

to be a pseudo-first-order rate process with respect to the chemical,

C, and is described by Equation 13:

dC
a kt kb[C] , (13)

where k- is a pseudo-first-order rate constant. Integration of

Equation 13 yields Equation 14:

In kt (14)
t

where C and C are concentrations of chemical at time zero and at

time t. By plotting In C as a function of time, kb can be determined

as the slope of the line.

Equation 12 shows that the rate of transformation is linearly

related to the microbial population. Therefore, if the rate constant kb

is measured with constant values of [X], the value of kb2 can be

estimated from the relation (Equation 15):

kb2 . b (15)

where kb 2 is the second-order rate constant and (XJ is estimated from

microbial plate counts.

C. Simulation Studies

Once the rate constants for the dominant transport and transfor-

mation processes are known for selected waters, computer models can be

designed to simulate the loss and movement of the chemical in specific

6



water bodies. From these simulations, persistence of the chemical can

be assessed and concentration/time-dependent curves can be constructed

to project chemical concentrations as a function of time and distance

from a discharge point. The modeling allows the effects of many vari-

ables to be investigated, such as chemical loading and hydrological

parameters of the water body (flow rate, depth, etc). Seasonal varia-

tions can also be addressed by applying the proper rate constant (such

as for photolysis) for specific times of the year, which allows one to

estimate the periods of maximum and minimum transformation occur-

rance. Thus, through the model simulation, it becomes possible to

estimate the environmental behavior of chenicals on both real-world

and hypothetical bases.

7
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I11. METHODS A1) RESULTS

A. Analytical Methods

I. HMX Analyses

A reverse-phase high-performance liquid chromatography (HPLC)

system was used to quantify HMX and related compounds in water

samples. In these analyses, a Water's radial compression module

equipped with a Water's Radial-Pak C cartridge was used in con-

junction with a water/acetonitrile or water/acetonitrile/methanol

mobile phase system at a flow rate of 2.0 ml min-1 . Detection was by

UV absorbance at 230 nm, and quantitation was performed by the inter-

nal standard method using 3,5-dinitrotoluene (3,5-DNT) or 1,3,5-tri-

nitrobenzene (l,3,5-TNB) as the internal standard. The selectionl of

parameters was based on the number of components present and the

degree of resolution required.

Samples containing only HMX were analyzed isocratically using 45%

acetonitrile in water as the solvent system and 3,5-DNT as the

interral standard. When the water samples contained RDX (as did

several of the HMX wastestream samples), the tobile phase consisted of

(a) water and (b) methanol/acetonitrile (50/50). IIMX and RDN were

resulved using a linear gradient ranging from 30 to 60% (b) in (a)

over 20 min and 3,5-DNT as the internal standard (Figure 1). Addi-

tional resolution was required when RDX metabolites appeared in bio-

transformation studies of HMX. This was accomplished with a linear

gradient ranging from 10 to 70% (b) in (a) 1with a 5-min hol.d at 10%

(b)] in 30 min. In this case, the internal standard was 1,3,5-TNB

(Figure 2).

The samples were prepared by adding 0.9 ml of the internal stan-

dard solution (in methanol) to 2.7 ml of sample. This ratio of sample
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to internal standard served the dual purpose of minimizing sample

dilution while approximating the solvent/water ratio of the mobile

phase. The samples were then filtered through a 0.45-tim filter and

injected into the liquid chromatograph. HMX was quantified using a

relative response factor obtained from standard solutions that were

periodically inalyzed in triplicate throughout the day of analyses.

The results for four wastewater samplings are shown in Table 1.

TABLE I

HPLC ANALYSIS OF MD4X AND RDX IN HAAP IMX LINE WASTESTREAM

HLMX Found RDX Found

Date Sampled (ppm) (ppm)

5/24/82 0.59 0.33

9/18/82 1.00 ---

2/28/83 2.65 6.92

6/6/83 0.90 0.33

2. Nitrite and Nitrate Analyses

The photochemical transformation of HMX gave nitrite and nitrate

as two decomposition products. These compounds were analyzed by the

direct aqueous injection of photolyzed solutions into a high-perfor-

mance liquid chromatograph using a Whatman Partisil PXS 10/25 SAX

anion exchange column and a 0.035 M phosphate buffer mobile phase

system (pH 3.1) at a flow rate of 1.0 ml min-1 . Detection was by UV

absorbance at 210 rim, arnd the anions were quantified by the external

standard method.

3. Formaldehyde Analyses

A major photochemical transformation product was identified as

formaldehyde by the Hantzsch reaction, in which formaldehyde is

11
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coupled with 2,4-pentanedione to produce a highly fluorescent deri-

vative when excited at 430 nm and observed at 520 nm.

A 2.0-ml aliquot of the sample was added to 2.0 ml of freshly

prepared 0.05 M 2,4-pentanedione in 2 M ammonium acetate. The mixture

was heated for 1 hr at 40*C and analyzed on a Baird SF-1 fluorometer

equipped with a 430-rm excitation wavelength and fluorescence scanning

from 400 to 600 fim. Formaldehyde was quantified from a calibration

curve (peak height versus concentration) obtained from a series of

standard formaldehyde solutions.

4. Organic Acids Analyses

Because of problems in sustaining INMX-transforming organisms from

H*X wasteline waters, the waters were analyzed for small organic acids

that might be critical to HMX biotransformation. 1MX wasteline water

samples (200 p1) were injected into an HPLC system containing an

Interaction Chemicals ORH-801 organic acids column and a 0.002N H2SO4

aqueous mobile phase at a flow rate of 0.80 ml mmn-1 . Peaks were

detected by UV absorbance at 210 rm, identified by elution volume,

compared with known standards, and quantified by the external standard

method. A chromatographic profile of 1M wasteline water samples,

showing the presence of formic acid, acetic acid, propanoic acid, and

other unidentified components, is presented in Figure 3.

5. Analytical Chemistry Discussion

HPLC methods with UV detection provide a direct means of moni-

toring R-MX in aqueous environmental samples with a sensitivity of 0.1

ppm by direct aqueous injection. The availability of gradient elution

programming on reverse-phase columns enhances the resolution of HMX,

not only from its transformation products, but also from analog

contaminants such as RDX, which appear along with HMX in wastewoter

and river water samples. This resolution also allows for the

separation and collection of transformation products, which led to

12
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their identification by probe-mass spectrometric techniques (see

Section C, Biotransformation).

In the isolated wastestream samplings in this study, HMX concen-

trations ranged from 0.6 to 2.7 ppm, and RDX concentrations ranged

from <0.1 to 7.0 ppm. Trace amounts of components with elution

volumes corresponding to the mono-, di-, and tetranitroso-derivatives

of HMX were also observed; however, the identification of these com-

ponents could not be confirmed. Acetic acid was observed in the

wastestream samples and in one case was quantified at 46 ppm. Formic

and propionic acids were observed at lower levels, as were other

unidentified carboxylic acid species. Thus, the wastestream profiles

were not seen as overly complex when observed using UM detection at

254 and 210 nm, and the 11PLC technique was determined to be ideally

suited to follow HVW losses in various transformation processes.

B. Photochemical Studies

Photochemical studies were performed to measure the photochemical

rate constant of WMX in pure water, in LAAP lagoon water, and In

Holston River water. From these studies, the photochemical quantum

yield was calculated according to Equation (7). Many of the above

studies were conducted simultaneously with RDX, a structural analog of

HMX, for comparative purposes. We carefully measured the UV absor-

bances of RDX and HMX above 299 rm and compared measured rate con-

stants with those computed from the GC SOLAR program (R.G. Zepp,

personal communication) using averaged seasonal light intensities for

various latitudes. HMX photolysis products were investigated and a

mechanism for the transformation of IMX in the solar spectral region

was projected.

i. H*X and RDX Photolyses in Pure Water and in LAAP Water

Photolysis studies of HMX and RDX in pure water and in LAAP water

were conducted between June 7 and June 17, 1983. LAAP water,

14



collected from LAAP Lagoon No. 9 in July 1982 and containing 5 ppm of

tMX and 16 ppm of RDX, was used in these studies. Solutions of YMX

and RDX in pure water were prepared at concentrations similar to those

in LAAP water. The solutions were placed in two identical amber

dishes cut from the bottoms of amber-colored gallon solvent bottles

and filled to a depth of 4 cm. The two solutions were photolyzed

side-by-side outdoors in weather that was mostly hazy in the mornings

and sunny in the afternoons, with temperatures ranging from 19 to 32%C

during the day. Two 4-ml aliquots were withdrawn each day after pure

water had been added to adjust for water lost through evaporation.

The aliquots were tightly capped, wrapped in aluminum foil, and refri-

gerated. On the last day of the experiment, all the samples were

analyzed by HPLC. The results are plotted in Figure 4.

The photolysis rate constants for HMX and RDX in pure water (4.0

cm) were 0.19 and 0.56 day- 1 , respectively, as calculated from

Equation (8). The quantum yields calculated from the sunlight rate

constants were 0.13 for M1X and 0.18 for RDX. These values are in

good agreement with previous studies performed in April, in which

quantum yields of 0.13 and 0.16 for HMX and RDX, respectively, were

determined. The photolysis rate constants in LAAP water (4.0 cm deep)

were 0.0099 day-1 for HMX and 0.057 day- 1 for RDX. These data show

that RDX is photolyzed approximately three times faster than IŽMX In

pure water and six times faster than HMX in LUAP water, and imply that

substances in LAAP water can promote the p!--otolysis of RUX. The

overall rate constants in LAAP water are smaller than those in pure

water due to light screening. We found that 997 of the light is

absorbed at a depth of 3.0 cm for all wavelengths shorter than 500

nm. These data are summarized in Table 2, and the observed rate con-

stants are shown in Table 3.

Because HMX and RDX have similar structures, UV spectral absor-

bances, and photolysis quantum yields, we expected that they would be

photolyzed at similar rates. To eluicidate the difference in our

observed rates, wp photolyzed HMX and RDX in pure water in the

U-,
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presence and absence of each other, in filtered LAAP water, and in

LAAP water diluted with an equal volume of pure water. The photolyses

were performed in borosilicate tubes in sunlight from June 30 to July

8, 1983. The results are shown in Table 4. In Experiment 1, we found

that RDX is photolyzed nearly tlaree times as fast as HMX. RDX photol-

ysis also appears to be slightly sensitized by HMX or its photolysis

products (Experiment 2), whereas HMX photolysis was not affected by

the presence of RDX (Experiment 2). In LAAP water, diluted or not,

HMX photolyzed at half the rate of RDX (Experiments 3 and 4).

Table 2

DEPTH WITH 99% ABSORBANCE AT DIFFERENT

WAVELENGTHS AT 30 0 C

Wavelength, ,nm aJA Abs. (cm) Depth with 99%

290 0 0.51

340 7.41(19) 0.86

390 9.38(19) 1.09

440 1.33(20) 1.62

490 9.09(19) 3.17

505 7.00(19) 4.21

Table 3

OUTDOOR PHOTOLYSIS OF HMX AND RDX IN PURE WATER
(PW) AND IN LAAP WATER

k d 1 for 4-cm dish
p

Solution HMX RDX k (RDX)/k (HMX)
_ _ _ _ __ _ _ _ _ _ p p

PW 0.19 0.57 2.9

LAAP 0.0099 0.057 5.7
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Table 4

OUTDOOR PHOTOLYSIS OF HMX AND RDX IN PURE WATER (PW)
AND IN LAAP WATER IN BOROSILICATE TUBES

(June 30 to July 8, 1983)

Rel. Rate
Experiment Solution kp d-1  to HMX in IW '

I PW! HKX 0.302 * 0.021 1.0 0.13
PW2 RDX 0.325 * 0.016 2.7 0.18

2PW2 •MX 0.29 -k 0.012 0.96 --

RDX 1.07 1- 0.08 3.5 -

3 0.5 LAAP MX 0.14 ± 0.016 0.45 --

RDX 0.34 * 0.018 1.1 --

4 LAAP HMX 0.10 * 0.005 0.34 --

RDX 0.23 * 0.008 0.76 --

PW 1 - Pure water containing only HMX or RDX.
pW2 - Pure water containing both HMX and RDX.

0.5 LAAP - LAAP water diluted with equal volume of water.

To explain the differences in the photolysis rate constants of

RDX and 1IMX, we reevaluated the molar absorptivity coefficient (cX) of

RDX and HIX at selected wavelengths, calculated the light absorption

rate (ExLX) at selected wavelengths, and determined the total rate of

light absorption (ZE LX) in the solar spectral regio.. These data are

shown in Table 5 for the summer months. The total light absorption

product for RDX was 4.58, whereas HIMX had a total light absorption

product of 2.29. The larger number for RDX results from larger molar

absorptivity values from 314 nm to 400 mu compared with HMX. Thus,

RDX is expected to be photolyzed at over twice the rate of HMX since

for RDX is 20% larger.

18
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Using published L) values and the computer program GC SOLAR (R.C.

Zepp, personal communication/, which is used to calculate day-averaged

photolysis rate constants, we calculated the E\L. product from 290 to

410 ru' and plotted this value versus wavelength for RDX and KMX (Table

6 and Figure 5). This program predicted a difference hy a factor of 2

in the photolysis rates of RDX and HNX, again reflecting the signifi-

cant differences in their molar absorptivity coefficients in the solar

spectral region above 314 nm.

Tabie 5

EkVALUES OF H]%LK AND RDX AND
FkLVALUES AT 40ON

E \ (M-1 ciJ1) E L

X onM L. (summer) 1INX RDX HMX RDX

299 2.49(-4) 171 164 0.043 0.048

304 2.32(.-3) 103 112 0.240 0.260

309 7.93(-3) 60 75 0.476 0.595

314 1.81(-2) 33 49 0.597 0.887

319 2.91(-2) 17 26 0.495 0.757

323 2.97(-2) 8.8 18.1 0.261 0.538

340 3.54(-l) 0.48 2.8 0.170 0.991

370 4.58(-l) 0.017 0.7 0.008 0.321

400 9.71(-l) 0 0.2 0 0.194

430 1.28 0 0 0 0

EcL,2.29 4.58

2. HNX and RDX Photochemnical Rate Constants for the
Holston River

In Phaqe 1, we calculated the photolysis rate constant for HMX in

the Holston River in late spring to be 1.66 x 10-1 day-1, with no
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significant difference between rate constants of waters obtained above

or below the Holston Army Ammunition Plant. Using the GC SOLAR pro-

gram, we calculated the photolysis rate ccnstants for HMX and RDX at

depths ranging from 0 to 300 cm for the four seasons. These data are

shown in Table 7. The calculated and measured rate constants again

differed by a factor of 2 (1.66 x lO-t d-1 versus 3.31 x 101- d-I for

late spring), which may reflect the difference between the actual and

calculated light intensities on the day of the experiment. A factor

of 2, however, is considered acceptable for %todeling purposes.

For the modeling study, rote constants were interpolated for

depths of 180 to 360 cm. These depths were derived from streambed

contours of the Holston River obtained from a previous study

(Spanggord et al., 1981).
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Table I

CALCULATED FIRST-ORDER PHOTOLYSIS RATE CONSTANTS FOR
HMX AND RDX IN HOLSTON RIVER WATER AS A FUNCTION

OF DEPfI FOR THiE FOLR SEASONS

k d- 1
P

Depth (cm) Spring Summer Fall Winter

HMX
0 0.286 0.400 0.16 0.069
50 0.087 0.120 0.045 0.021
100 0.045 0.063 0.024 0.011
150 0.030 0.042 0.016 0.0073
200 0.023 0.032 0.012 0.0055
250 0.018 0.025 0.010 0.0044
300 0.015 0.021 0.0080 0.0036

RDX
0 0.71 0.94 0.40 0.20
50 0.25 0.32 0.13 0.070
100 0.14 0.18 0.073 0,039
150 0.092 0.12 0.049 0.026
200 0.069 0.089 0.037 0.020
250 0.055 0.072 0.030 0.016
300 0.046 0.060 0.025 0.013

3. HMX Photolysis Products aud Photolysis Mechanism

In the sunlight experiments, we observed the formation of nit-

rite, nitrate, and formaldehyde as stable end transformation products,

with no evidence for the formation of N-nitroso derivatives resulting

from N-0 bond cleavages from solar radiation. In each cxperiment,

only 50% of the nitro groups could be accounted for as nitrite and

nitrate ions per mole of HM1 consumed. In following the rate of pro-

duction of these sppcies, nitrite was always generated first. How-

ever, it is difficult to provide a conclusive photochemical mechanisam

for HMX transformation, because nitrite and nitrate also undergo pho-

tolytic transformations (Zafirou, 1974). These secondary reactions

may obscure the analysis of how the initial steps of the transfor-

mation occur.
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Our findings correlate with several of the mechanistic steps

proposed by Glover and Hoffsommer (1979) for the photolysis of RDX.

An overall mechanistic scheme is presented in Figure 6. This scheme

is based on our findings of an initial production of nitrite with

nitraLe concentrations increasing on extended photolysis. With only

50Z of the HMX nitro group accounted for as nitrite and nitrate, the

remaining nitro groups and ring nitrogens are converted to dinitrogen

oxide, ammonia, and formamide, as proposed for the hydrolysis of

methylenedinitroamine intermediates (Lamberton et al., 1979).

4. Photochemistry Discussion

The photolysis of HMX proceeds by a direct photolytic mechanism,

with a HMX half-life of approximately 1.4 days in pure water and 1.7

days in Holston River water (4 cm deep) during the summer months.

Light attenuation by UV-absorbing species (LAAP lagoon water)

increased the half-life to 70 days under identical conditions of light

intensity and depth. In either case, the loss rate appeared to he

unaffected by cosubstrates (such as RDX) in solution.

Depth also plays an important role in estimating the photo-

chemical half-life of HMX. At depths where >99%. of the light is

absorbed (3.0 cm in LAAP lagoon water; 20 cm in Holston Rtver water),

the photolysis half-life is directly proportional to depth. Thus,

water body absorptivity and depth must be considered in predicting HMX

photolysis half-lives in selected water bodies.

In these studies, we observed that RDX photolyzed nearly two to

three times faster than HMX. Although the compounds have similar

quantum yields, we determined that small differences in their molar

absorptivity coefficients in the 320 to 400 mn range were sufficient

to account for the observed differences in photolysis rates, even

though RDX photolysis was sensitized, either by HMX or by HIX and RDX

photolytic transformation products.
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Once light is absorbed by 1IX, initiating the reaction, the mole-

cule rapidly decomposes, as evidenced by no immediate huildup of

intermediate products. This is consistent with what other workers

have found in the photolysis of RDX (Glover and Hoffsommer, 1979).

Thus, photolytic end products are believed to consist of nitrite,

nitrate, formaldehyde, acetamide, ammonia, and dinitrogen oxide.

C. Biotransformation

1. Aerobic Biotransformation

In the screening studies, we observed that HMX was aerobically

transformed when yeast extract was added to Holston River water.

However, we were unable to produce an enriched culture by successive

tranifers of organisms to HMX-containing flasks. To determine whether

HMX-transforming cultures could be obtained from local areas, we

obtained water samples from Searsville Pond in Woodside, California,

and from Coyote Creek in San Jose, California. To 2 liters of each

water sample, we added 4 ppm of HMX with or without the addition of 50

ppm of yeast extract. Then the sample mixtures were incubated for 20

days. At the end of that time, IMX was not significantly transformed

in any of the water samples.

To obtain the aerobic I[MX-biotransforming organism again, water

from the HMX effluent line at the Holston Army Ammunition Plant was

shipped to SUi and received on February 28, 1983. Analysis of this

water by HP',C showed that it contained 2.6 ppm of IIMX and 7.0 ppm of

RDX. HtX was added to the water to increase its concentration to 6.1

ppm, and 50 ppm of yeast extract was also added. After 2 days of

incubation, RDX was transformed aerobically to 0.1 ppm, and IMiX

decreased to 3 ppm by 11PLC analysis. When the organisms were inocu-

lated into 100 ml of basal salts medium (BSM) along with 4 ppm of ILX

and 50 ppm of yeast extract, no 0H4X transformation occurred, which was

consistent with our previous findings (Spanggord et al., 1982).
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On the assumption that some components in the wastewater may help

the HMX biodegradation, the microorganisms in the degraded water sam-

ple and 50 ppm of yeast extract were also inoculated into the medium

made of the refrigerated HMX wasteline water sample. HMX in the first

transfer flask decreased from 4.8 ppm to 2.7 ppm after 5 days of incu-

bation, and RDX decreased from 7.0 to 1.2 ppm. However, HMX biotrans-

formation became less and less in successive transfers. HMX decreased

from 4.0 to 3.2 ppm in the fourth transfer flask, and from 3.9 to 3.5

ppm in the sixth transfer flask. The addition of 60 ppm of Sabouraud

dextrose broth (SDB) failed to substain the transformation, and an

enriched culture was not obtained.

Microscopic examination of the wastewater revealed the presence

of fungi as well as bacteria in the water. Suspecting that a fungus

may be responsible for the HMX transformation, we streaked a water

sample on Sabouraud's dextrose agar (SDA) and allowed the organisms to

grow. The grown organisms were inoculated into %SM with 4 ppm of HMX

and 60 ppm of SDA broth and were then incubated statically in an incu-

bator. Although fungi grew well in the medium, no biotransformation

was observed in these flasks.

A continuous-culture system was also set up for the acclimation

of HMX-utilizing microorganisms. HMX wasteline water in a refri-

gerated water bath was continuously pumped into a 58-ml growth chamber

at a dilution rate of 0.04 ml/min (retention time equivalent to one

volume change per day). Initially, the solution contained 300 ppm of

yeast extract, and 300 ppm of glucose was added with an infusion pump

at a rate of 4.8 ml per day. Later, this solution was replaced by a

solution c'itaining 200 ppm of yeast extract and 800 ppm of SDA broth,

which was added at a rate of 3.6 ml per day. The water medium in the

growth chamber was aerated and mixed by gently bubbling air through

it. We observed good growth of fungi and bacteria in the continuous

culture. The effluent was then cascaded into four successive contin-

uous-culture growth chambers. However, the analysis of HMX and RDX in

the first and last chambers showed that no transformation of these
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chemicals was occurring. Thus, it appears that factors critical to

the aerobic transformation of HMX are still unknown.

Another experiment was performed with refrigerated wastewater

(5 weeks). The water was enriched with 50 ppm yeast extract and 60

ppm of SDB, and 1 ppm of 14MX was added to make the final HMX concen-

tration 3.5 ppm. After 3 days, RDX was reduced from 5.0 ppm to a nor.-

detectable level. The IMX concentration decreased to 2.8 ppm but did

not decrease further. Again, transfer of these organisms into BSM/50

ppm yeast extract/60 ppm SDB/4 ppm HMX medium did not transform HMX,

and the transfer of organisms to wasteline water/yeast extract/SDB

medium (HMX made up to 50 ppm) showed that the organisms had gradually

lost their ability to transform HMX.

Because the HMX wasteline water contained acetic acid, formic

acid, and propionic acid, the effect of acetate on aerobic bictrans-

formation was tested. To HMX wasteline water that had been refrl-

gerated for 6 weeks, we added 100 ppm of sodium acetate or yeast

extract and 1 ppm of additional HMX to make a final HMX concentration

of 4.3 ppm. The H-MX in acetate-supplemental water did not transform

in 7 days, whereas the 11MX in yeast extract-supplemental water

decreased to 2.9 ppm at Day 3 and to 2.7 ppm at Day 7.

Wastewater from HAAP was collected aga r oi Mtay 24 and was

received at SRI on May 31, 1983. This water cun!ained 2.1 plin of

HMX. To this water was added 2 ppm of additional HMX and 20 ppm each

of yeast extract, sodium acetate, sodium propionate, and sodium ben-

zoate. After 3 days of incubation, HMX concentration decreased from

4.1 ppn to 0.22 ppm. The transformation had a first-order rate con-

stant of 4 x 10-2 hr- 1 . However, successive transfers of these organ-

isms in the same composition of water medium did not result in an

enriched culture.

Another wasteline water sample was collected on June 7 and was

received on June 8, 1983. This sample contained 0.9 ppm KMX and 0.3

ppm RDX. However, this water did not support the biotransformation
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of HMX when either yeast extract alone or a mixture of yeast extract,

acetate, propionate, and benzoate was added.

Because enrichment organisms were not obtained, a detailed rate

study could not be conducted. Therefore, we estimated the rate con-

stant based on the biotransformation of HNX in incubation bottles from

the May test sample and on previous tests conducted in Phase I stu-

dies. The first-order rate constant was measured to be kb = 4 x 10-2

hr- 1 . The bacterial count of the water at Day I of incubation was 2

107 colony-forming units (CFU) ml-1. Therefore, the second-order rate

constant, kb 2 , was calculat'd to be 2 x 10-9 ml cell-I hr-1 .

If the natural water sample contained I x IO CFU/ml micro-

organisms, then the first-order rate constant would be 2 x 10-4 hr- 1

(Equation 15). This corresponds to a half life of 3465 hr (in2/ 2 x

10-4), or 144 days, under these specialized conditions.

2. Anaerobic Biotransformation

In the screening studies, we were able to grow anaerobic HMX-

transforming organisms in transferri-ig flasks containing 4 ppn of HMX,

50 ppm of yeast extract, and BSM. To study the effect of yeast

extract concentration on HMX transformation, we added 10, 30, or 50

ppm of yeast extract to 3.5 ppm of HŽ¶X in BSM and inoculated the

flasks with HMX-transforming organisms. The HMX concentration in

these media after 3 days of anaerobic incubation was 2.8, 1.1, and

<0.2 ppm, respectively, and the anaerobic bacterial counts were 4.2 x

105, 1.7 x 106, and 2.2 x 106 CFU ml-1, respectively. Thus, we can

project that the higher the concentration of yeast extract, the

greater the population of bacteria that utilize 124X, resulting in a

faster rate of transformation of HMX than that found with lower yeast

concentrations.

Because acetic acid and other short-chain organic acids were

found in wasteline water samples, acetic acid and other organic
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compounds were tested as supplemental nutrients. To BSM/4 ppm 1MX

medium we added 50 ppm each of glucose, Difco protease peptone No. 3,

sodium acetate, or yeast extract. The percent of HMX transfor-

mation is shown in Table 8.

Table 8

PERCENT OF HMX TRANSFORMED ANAEROBICALLY
WITH SUPPLEMENTAL NUTRIENTS

HMX Transforned (%)

Supplemental Nutrient -Day I Day 2

Glucose 30 75

Peptone 27 85

Na Acetate 24 77

Yeast Extract 35 76

All the nutrients tested apparently bave similar effects on anaerobic

HMX biotransformation.

Biotransformation was also studied using grown and washed cells.

Organisms grown for 4 days in three I-liter flasks containing 4 pprm

HMX and 50 ppm BSM were centrifuged, washed, and resuspended in one-

tenth volume of BSM. Centrifuge bottles were flushed with nitrogen

gas during the handling. Four pprm of HMX were added to the cell

suspension, and 20 ml of suspension were dispensed into 30-ml seruim

bottles with 50 ppm or 00 ppm of yeast extract, 50 ppm glucose, or 50

ppm Difco protease peptone No. 3. The bottles were flushed with

nitrogen gas and capped with rubber stoppers. After 3 hr of incuba-

tion, HMX was transformed from 4.0 ppm to 1.1, 0.3, 2.1, and 2.6 ppm

in the cell suspension with 50 ppm yeast extract, 100 ppm yeast

extract, 50 ppm glucose, and 50 ppm peptone, respectively. The trans-

formation slowed afterwards, presumably because the nutrient had been

exhausted. These results show that yeast extract is better than

glucose or peptone for W4X biotransformation by grown cells, and that
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higher concentrations of yeast extract accelerate the transformation

rate. HMX was not transformed in the cell suspengion when no nutrient

was added. With 50 ppm of yeast extract, a first-order rate constant

was calculated to be 0.43 hr-I with an anaerobic bacterial count of 3

x 107 CFU ml-1. A second-order rate constant (kb 2 ) was calculated to

be 1.4 - 10-8 ml cell-I hr-1 .

3. Metabolite Identifications

The HPLC profiles for the anaerobic biotransformation of HMX

after 1, 2, and 3 days of incubation are shown in Figure 7. The pro-

files indicate the presence of five metabolites, which were collected

from the HPLC by repetitive injection.

The collected fractions were analyzed by mass spectrometry using

desorption electron impact, positive ion desorption chemical ioni-

zation, and negative ion desorption chemical ionization. The first

eluting component was identified as octahydro-l,3,5-tetranitroso-

1,3,5,7-tetrazocine, based on the positive ion spectrum yielding a

molecular ion plus 18 at 250 arnu (molecular weight 232) and on the

negative ion spectrum showing the addition cf mass fragments to the

molecular ion, which was consistent with the behavior of RDX and HMX

reference compounds (Figures 8 and 9) under the same conditions. The

electron impact spectrum gave little information. The spectra for

this metabolite are shown in Figure 10. The spectra of the remaining

metabolites showed fragmentation behavior similar to that of the

tetranitroso derivative (Figures 11 to 14) and were identified as the

tri-, di-, and mono nitroso derivatives of HMX. The dinitroso deri-

vative was present as two isomers (1,2- and 1,3-dinitroso derivatives)

showing a nonselectivity of nitro group reduction. Thus, the anae-

robic metabolism of HMX is initiated by the successive reduction of

the nitro groups, as shown in Figure 15.
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These reductive metabolites also appeared in the sample of

aerobic biotransformation waters. The microorganisms may obtain

electrons from metabolism of organic nutrients which may be used for

the nitro reduction.

The organisms are capable of further reductive transformation of

the nitroso derivatives. In our experiment, a QO0-ml aliquot of bio-

transformation solution was adjusted to p1l 10 and distilled. The

distillate was acidified and rotary-evaporated to dryness. Acetic

anhydride was added to the residue, which was heated for 10 min at

70°C, and analyzed by gas chromatography/mass spectrometry. 1,1-

Dimethylhydrazine was identified as an HMX transformation product and

confirmed with an authentic standard. Thus, successive reductions of

HMX in nutrient-rich environments can significantly transform 1I0X.

4. Biotransformation Discussion

From our results, it appears that HMX can be biotransformed aero-

bically or anaerobically in freshly collected wasteline water and in

the presence of small amounts of organic nutrients such as 50 ppm of

yeast extract. The water sample collected from the wasteline pipe or

the Ilolston River all supported aerobic biotransforiation, except for

the wasteline water collected on June 7. When the remaining waste

waters were stored under refrigeration, the biotransformation capa-

bility diminished. The filamentous fungus in the wasteline water was

not considered to be responsible for the lI4X biotransformation because

it did not transform HMX under the conditions for its abundant growth.

Yeast extract alone or mixed with acetate, propionate, and ben-

zoate provided nutrient for the transformation of HMX in fresh water,

but these nutrients could not maintain the transformation organisms.

Possibly other nutrients or physical conditions are necessary fur the

enrichment of this culture. Nevertheless, aerobic IIMX-biotransforming

bacteria are present in the 1lolston wasteatre-As and may transform part

of the IMX in the wastewater. Some nutrients In the wastewater or

.,'
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certain environmental conditions are necessary to maintain these

organisms. However, in the Holston River, the levels of organisms and

nutrients may be too low for biotransformation to play a significant

role.

The anaerobic biotransformation of HMX was as expected due to its

structural simularity to RDX and our previous studies (Spanggord et

al, 1983) that showed rapid anaerobic biotransformation of RDX. The

HMX degradation rate was also fairly fast using 50 ppm of yeast

extract or other organic nutrients. The organic nutrient appeared to

be needed for the biotransformation process as well as for bacterial

growth. Therefore, anaerobic biotransformation appears to play an

important role only in environments where anaerobic conditions exist

and organic nutrients are present. The metabolic pathway was also

similar to that of RDX degradation, as reported by McCormick et al.

(1981) when successive reduction of the nitro groups to N-n!troso

derivatives was reported followed by further metabolism.

D). Model Simulation

1. Holston River

In a previous study (Spanggord et al., 1981), we developed a two-

dimensional river simulation model that simulated the flow of the

Holston River at the point where wastestreams emanating from lMAP

entered the Holston River to a location (Surgoinsville) 20 km from the

discharge point. The model was applied to assess the loss and move-

ment of H-MX in the Holston River.

Briefly, HAAP wastestreams entering the Holston River, flowing at

90 to 121 m3 s-1, do not become uniformly mixed for at least 20 km

from the discharge point. Therefore, HMX migrates in a lateral direc-

tion (north bank to south bank) as well as in the direction of flow.

We compartmentalized the Holaton River, as shown in Figure 16, to

account for lateral flow and investigated the loss and movement of HMX

along the north bank, center, and south bank of the lHolston River.

1.2



LA-7934-1

FIGURE 16 PHYSICAL CONFIGURATION OF A IWO-DIMENSIONAL

RIVER SIMULATION
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For these investigations, only photolysis was considered as the

dominant process leading to transformation, because the nutrient

dependence and low bacterial population did not favor biotransfor-

mation. Using an initial tM input concentration of 0.46 ppm (waste-

stream concentration; Spanggord et al., 1981) and a photolysis rate

constant of 6.3 d-1 cm for the summer months, HMX concentrations were

simulated for the north, center, and south portions of the Holston

River for 20 km. The results are shown in Figure 17. The primary

factor contributing to changes in HMX concentration over the first 20

km is dilution, with photolysis contributing to approximately a 5%

loss in the summer months. Transformation losses of only 1% are pre-

dicted for the winter months. These two examples represent the

extreme cases for potential transformation of HMX in the Holston

River. The photolysis transformation process can be accelerated by

shallow low-flow river conditions or slowed by deep, high-flow river

conditions. Under normal river flow conditions, we expect that HMX

will persist for a significant distance from HAAP, with dilution

serving as the primary mechanism of IM concentration reduction.

2. LAAP Lagoon

The Louisiana Army Ammunition Plant disposal lagoons have been

described (Spanggord et al., 1983). Lagoon No. 9 is a flat-bottomed,

rectangular basin measuring 56.7 m x 52.1 m. It is filled with a dark

amber-colored water to a depth of approximately 60 m in the winter;

the depth fluctuates throughout the year according to rainfall and

evaporation rates. The color of the water is derived from the photol-

ysis products of 2,4,6-trinitrotoluene (TNT) and attenuates the abil-

ity of light to penetrate significantly into the water. Measured pho-

tolysis rate constants for H24X were found to be 20 times greater in

pure water compared with lagoon water (Table 3). However, using a

computer simulation model developed for TNI, we sLmulated the loss of

HMX from lagoon No. 9 using photolysis rate constants ranging from

0.0048 cm d- in winter t) 0.0288 cm d-1 in summer and an initial

'4 4/
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imput concentration of 2.0 ppm. The simulation results are shown in

Figure 18. The results show that HMX is persistent in the lagoon over

the simulation period (3 months). The concentration of HMX gradually

rises due to water evaporation in the summer months until its solu-

bility limit is reached (12 ppm at 41") in late August. Superimposod

on the simulation graph are actual data points measured by Spanggord

et al. (1983), which %how a gradual increase in lagoon HMX concen-

tration as a function of time of year. These data correlate rea-

sonably well with the simulation results.
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TV. DISCUSSION

The results of this study suggest that photolysis will be the

primary transformation pathway for HMX loss in the environment, with

an average half-life of 17 days in the Holston River (150 cm deep) and

7900 days in LAAP laggon water. The transformation products appear to

be innocuous or readily assimilated by aquatic organisms. Photolysis

proceeds by a direct photolytic mechanism in which light is absorbed

and transformation occurs with an efficiency of 13%. Factors that

slow the transformation process are those that attenuate light

entering the water body, such as high water absorptivity, as observed

in the bAAP lagoon, or depth, as observed in the Holston River.

Coupled to these factors are seasonal variations in light intensity,

which can be as large as a factor of S between summer and winter

months. Thus, a worst-case condition for HAAP would be a high HMX

discharge concentration during the winter months under high river-flov.

conditions. Similarly, the greatest extent of transformation would

occur in summer moriths when the river is shallow and moving slowly. A

similar set of conditions could be proposed for the LAAP lagoon,

except that as the lagoon becomes shallow (through evaporation), the

photic zone becomes smaller due to concentration of the light-

absorbing species. Thus, although transformation rates are projected

to be faster in the summer months, a linear relationship with light

intensity is not expected.

The aerobic and anaerobic biotransformation studies showed that

HMX can be transformed under special conditions of freshly collected

water and supplemental organic nutrients, but in no case was the

transformation observed in wastewater or Holston River water alone.

Also, no enriched culture that utilize HMX as a sole carbon and energy

source could be isolated. Based on these data, no biotransformation

rate constant was projected for the Holston River.
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In the presence of supplemental organic nutrients (yeast

extract), the transformation proceeded quite readily, with a half-life

of 17 hr tinder aerobic conditions (bacterial population of 2 X 107 CFU

ml- 1 ) and 2 hr tnder anaerobic conditions (bacterial population of 3

x10 7 CFU ml- 1 ). Under both conditions, the transformation involved

the reduction of a nitro group leading to mono- to tetra nitroso deri-

vatives of HMX. Further reduction of the nitroso group leads to deri-

vatives such as 1,l-dimethylhydrazine, which was identified in the

incubated solutions. We were able to detect trace amounts of the

mono-, di-, and tetranitroso biotransformation products of IM in the

HAAP HMX wastestream by comparative retention times; however, con-

firmation of the identification could not be made. No metabolites

were observed in the Holston River. We might expect that conditions

favoring biotransformation may occur in the Holston River through

upstream pollutant discharge or sewage disposal. These conditions

represent isolated events and are not representative of normal con-

ditions in the holston River. Thus, although biotransformation would

be a significant transformation process, favorable conditions for this

transformation were not evident in the Holston River.

No studies were performed on the biotransformation of tM in LAAP

lagocn waters. We assumed that biotransformation would not be signi-

ficant based on studies performed by Spanggord et al. (1983), which

showed RDX biotransformation to be insignificant in the lagoon envi-

ronment. This was projected by the model simulation and verified by

actual lagoon sampling data (Spanggord et al., 1983).

The computer model simulation projected that IMIX concentrations

would persist for significant distances past HAAP. If an -MX

discharge of 450 ppb is reduced to 0.3 ppb at Surgoinsville (20 km

from discharge site), we would expect to find 0.2 ppb at Knoxville

(125 km from the discharge site) ir the summer months, assuming that

further dilutions would be minimal. We might expect Morristown (70 km

from discharge point) residents who use Holston River water as a water

supply to Intake approximately 0.25 ppb HMX in their water. This

:'. '4
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example represents the type of projection of chemical coi, _ntration

that can be made by model simulation at distant points based on

chemical Input, river flow, and seasonal variation and demonstrates

the applicability of fate data to overall hazard assessments.

In conclusion, the results of this study indicate that WIX will

be persistent in the studied environments, with dilution serving as

the major factor in reducing HMX concentration. In the case of HAAP,

controlling the IM4X concentration in the wastestream should result in

HMX concentrations in the Holston River that are acceptable to

mammalian and aquatic populations. In the case of l'goon disposals of

HMX, HMX concentrations are expected to increase in water bodies where

the light attenuation is high (resulting from TNT photolysis). Lagoon

disposal of HMX waste (and RDX) could be a viable treatment procedure

in UV light-transmissive water bodies.
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